Abstract:
Little is known about the biophysical and neuronal circuit mechanisms underlying the generation and learning of behavioral sequences. Songbirds provide a marvelous animal model in which to study these phenomena. Using a motorized microdrive to record the activity of single neurons in the singing bird, we are beginning to understand the circuits that generate complex vocal sequences. We describe recent experiments elucidating the role of premotor song-control nucleus HVC in the production of song. We find that HVC neurons projecting to premotor nucleus RA each generate a single burst of spikes at a particular time in the song, and may form a sparse representation of temporal order. We incorporate this observation into a working hypothesis for the generation of vocal sequences in the songbird, and examine some implications for song learning.
Temporal sequences in the organization of birdsong
Temporal structure plays a fundamental role in all aspects of brain function -not only in sensory systems [1] [2] [3] [4] -but at a motor and cognitive level as well 5, 6 . For example, when
we learn the alphabet, we do not learn twenty-six uncorrelated symbols, we really learn a cognitive and motor sequence. Most of us can say the letters of the alphabet in just a few seconds, but only if we say them in one particular order -the order in which we learned them. This ability of the brain to step rapidly through a learned sequence of states underlies not only our ability to say the alphabet, but also our ability to speak, to perform music and athletic feats, and perhaps our ability to think and plan as well. Despite the fundamental importance of temporal order to brain function, little is known about the biophysical and circuit mechanisms that underlie the generation and learning of temporal sequences.
The songbird is a remarkable model system in which to study learned sequence generation. Songbirds, such as the zebra finch, generate complex learned vocal sequences to convey identity and attract mates [see Williams, this volume]. The zebra finch sings a repeated song element called a song motif. The motif, typically of 0.5 to 1sec duration, is composed of 3-7 smaller vocal gestures called song syllables 7, 8 . One useful property of zebra finch song, particularly for the study of a motor system, is that the motifs are highly stereotyped. That is, each time the zebra finch sings its song motif, the pattern of acoustic signals may be nearly identical.
The generation of these vocal sequences is under the control of a small number of premotor brain areas. Muscles of the vocal organ, or syrinx, are innervated by motorneurons of the hypoglossal nucleus (nXIIts) 9, 10 . The motor neurons receive synaptic inputs from a forebrain nucleus RA, which in turn receives a predominant premotor input from another forebrain nucleus HVC [11] [12] [13] [see chapters by Suthers and Wild, this volume] .
In this chapter, we describe some recent results on the mechanism by which HVC and RA generate the complex sequences of motor commands that produce learned vocal behavior in the songbird.
During singing, RA neurons generate a complex sequence of high-frequency bursts of spikes, the pattern of which is precisely reproduced each time the bird sings a song motif 14 .
By recording large numbers of RA neurons in the singing bird, we have recently found that each RA neuron, on average, produces roughly 12 bursts of ~10ms duration. In addition, each RA neuron has a fairly unique pattern of bursts. Thus, as a population, RA neurons are active throughout the song vocalization, and at each time in the song roughly 12% of the RA neuron population is active (Fig. 1A) .
How are the complex burst sequences of RA neurons generated? Several recent models of vocal sequence generation have suggested that short-timescale temporal patterning is produced by circuitry within the premotor nucleus RA itself [14] [15] [16] [17] (Fig. 1B) . In this view, each burst in an RA neuron is perhaps driven by bursts in a temporally preceding group of RA neurons. Alternatively, the bursts patterns of RA neurons may be directly driven by inputs from a brain area afferent to RA, for example from HVC (Fig. 1C) . In this view, each burst in an RA neuron is driven by activity in some population of HVC neurons.
Can we distinguish between these two views of sequence generation in RA? This is a central issue we wish to address in this chapter.
How do we discriminate between a model in which the rapidly evolving ~10ms-long burst patterns of RA neurons result from circuitry within RA, and a model in which this activity is directly driven from HVC? A reasonable approach is to record from HVC neurons that project to RA (HVC (RA) neurons). If RA bursts are driven directly from HVC, one might expect to observe bursts of spikes in HVC (RA) neurons precisely time-locked to bursts in RA and to the song vocalization. In contrast, if HVC (RA) neurons are not involved in driving RA bursts, one might not expect to find precisely time-locked bursting activity in HVC. In fact, this latter view was supported by recordings of HVC neurons in the singing bird that generate rather noisy trains of spikes at a high rate throughout the song vocalization, in striking contrast to the sparse bursting spike patterns of RA neurons 14 .
Models of sequence generation: Experimental analysis.
To test these alternative hypotheses, we set out to record specifically from the population of HVC neurons that project to RA. HVC contains at least three distinct classes of neurons [18] [19] [20] [see also Mooney, this volume] : neurons projecting to area-X (HVC (X) ), neurons projecting to RA (HVC (RA) ), and at least one class of local interneurons (HVC (I) ).
Because we were unable to distinguish these classes of neurons on the basis of their spike waveform, we used antidromic stimulation 21, 22 to identify these neurons. By placing bipolar electrodes in RA and in X, we can stimulate the axon terminals of an HVC neuron that projects to either of these brain areas 23 . We found that stimulation in X by a single biphasic pulse (0.2ms duration) activates HVC (X) neurons and HVC (I) neurons, but not HVC (RA) neurons. Likewise, stimulation in RA activates HVC (RA) neurons and HVC (I) neurons, but not HVC (X) neurons. The projection neurons (of either type) were easily distinguished from interneurons by examining the variability in latency from stimulus to spike response. Projection neurons produced the first spike with a timing jitter less than 50µs, whereas putative interneurons produced the first spike with a timing jitter more than500µs.
1 1 Antidromic responses in HVC were characterized in two stages: First, we characterized the distribution of latencies and latency variability of each HVC neuron type to stimulation in RA and X in awake and sleeping birds. The responses were found to fall into four clear categories based on 1) site of stimulation (RA or X), and 2) latency variability (<50µs or > 500µs). Second, in a separate set of experiments we used the spike collision test to verify the identity of a subset of neurons in each category (Fuller and Schlag, 1976) . These experiments were done in sleeping birds, in which all HVC neuron types exhibit significant spontaneous rates. By this test, all neurons responding to RA stimulation with a latency variability < 50us exhibited spike collision; all neurons responding to X stimulation with a latency variability < 50µs exhibited Recording in singing birds poses several technical challenges. First, singing is a natural social behavior and zebra finches will sing only while relatively unrestrained, necessitating the use of a small device, or microdrive, mounted on the head to hold and position electrodes in the brain. The microdrive allows an extracellular recording electrode to be advanced and retracted to isolate the electrical signal from a single neuron; electrode positioning may be accomplished by holding the animal and manually turning a small screw on the microdrive. Unfortunately, handling a zebra finch to operate the microdrive greatly reduces the likelihood that the bird will sing once a neuron is isolated and the bird is released. We have solved this problem using a motorized microdrive. This microdrive permits us to remotely and independently position up to three electrodes, and has resulted in a factor of 50 increase in the per-animal yield of neurons recorded during singing 24 , as compared to an earlier non-motorized version of the microdrive 25 . Once an HVC neuron is isolated using the microdrive and identified using antidromic stimulation, the bird is induced to sing by presenting a female zebra finch. After the bird sings several tens of song motifs, or after the neuron signal is lost, the electrode is advanced until another neuron is isolated and identified. The process can be repeated many times, building up a dataset of firing patterns in a single bird.
In carrying out our experiments in HVC of singing birds, we found that antidromic activation is essential not so much to distinguish different HVC neuron types, as to avoid the tremendous selection bias associated with differences in spontaneous firing rates in the different classes of HVC neurons. HVC (I) neurons have relatively high spontaneous rates in the awake non-singing bird (2-40Hz). In contrast, HVC projection neurons have very low rates of spontaneous activity: HVC (X) neurons generate spontaneous spikes at <1Hz, and we have not yet observed a spontaneous spike in an HVC (RA) neuron in an awake adult zebra finch. As a result, by simply searching for neurons in HVC with an extracellular spike collision; finally, no putative interneurons (those neurons responding to RA or X stimulation with latency variability >500 µs) exhibited spike collision. We concluded that identification on the basis of stimulation site (RA or X) and latency variability is unambiguous. All neurons recorded in the singing bird were identified solely on the basis of stimulation site and latency variability. Spike collision tests were not carried out in these recordings because of the extremely low rates of spontaneous activity of projection neurons in the awake adult bird.
recording electrode, one is most likely to find an interneuron. For the same reason, HVC (RA) neurons cannot be found by searching for spontaneous activity in an awake nonsinging bird (the birds do not sing often enough to search for these neurons during singing).
We have avoided this source of selection bias by searching for antidromically-activated spikes during ongoing stimulation (1Hz) in RA and/or X. Even with this approach, HVC (RA) neurons are still difficult to isolate because of their small size; we find them at a rate far lower than expected from their relative abundance (50-80% of the HVC neuronal population 26 ).
Using antidromic identification, we were able to record from RA-projecting neurons during singing and test our hypotheses as to the origin of the complex burst sequences in RA. Figure 2A shows the extracellular signal from an isolated HVC (RA) neuron during three sequential song motifs. Most HVC (RA) neurons generated a single burst of 3-4 spikes during each song motif 23 . The firing rate during bursts of song-related HVC (RA) neurons was 680±138 Hz (not including one outlier that generated a 50 Hz burst, see Fig. 2B ). The bursts generated by a single neuron were highly stereotyped across song motifs, as determined from the alignment of burst onset to vocal output (0.66ms rms jitter), the number of spikes per burst (±1), and inter-spike intervals within a burst (0.13 ms rms jitter).
Most HVC (RA) neurons were active during vocalizations -either songs or calls.
Roughly 16% (3/18) of vocal-related HVC (RA) neurons burst during calls, but not during song. Another 11% (2/18) of vocal-related neurons burst during introductory notes, but not during the song motif. An additional 7 units were identified by antidromic stimulation as HVC (RA) neurons, but these were not spontaneously active, nor were they active during singing nor during any calls that could be elicited. Because spikes were only observed from these neurons during antidromic stimulation, there is less certainty about the classification of these units. However, if these are assumed to be HVC (RA) neurons, then up to half of antidromically-activated HVC (RA) neurons in our data set were not active during song motifs, consistent with previous observations that only half of HVC (RA) neurons showed elevated ZENK expression during singing 27 .
To display the behavior of the population of HVC (RA) neurons, we show the firing patterns of all song-related HVC (RA) neurons aligned to the song. Because the song is highly stereotyped, we choose one song motif as a template and line up all motifs (sung by the same bird) to the template motif: Alignment can be done with sub-millisecond timing precision. Because the song and the neural signals were recorded simultaneously, we can display the firing patterns of all neurons recorded in the same bird, aligned to the template motif ( Fig. 2B ). All HVC (RA) neurons recorded in this bird burst at different times in the song, with no apparent relation to syllable onsets or offsets.
It is clear that HVC (RA) neurons generate sparse patterns of bursts precisely timelocked to the song vocalization. How does this observation relate to our two initial hypotheses about the generation in burst sequences in RA? As we have argued above, the presence of precisely song-locked bursts in HVC (RA) neurons is consistent with the view that bursts in RA neurons are directly driven by inputs from HVC. In fact, our observations suggest an interesting possible model for the generation of RA burst sequences. We hypothesize that at each moment in the song a small ensemble of HVC (RA) is active. We further hypothesize that the effect of a burst of activity in a population of HVC (RA) neurons is to drive a single burst of activity in an ensemble of RA neurons with a short latency (~4.5ms) and a short duration (~10 ms). Thus, at each moment in the song, the ensemble of active RA neurons is driven by a small subpopulation of HVC (RA) neurons. Our working hypothesis for the generation of RA burst sequences is summarized in Figure 3A .
In the framework of this model, we can estimate the number of HVC (RA) neurons coactive at each time in the song. A typical motif duration is (roughly speaking) 600ms and the average burst duration of HVC (RA) neurons is 6ms. Each song-related HVC (RA) neuron is therefore active for ~1% of the duration of the motif. Assuming that song-related HVC (RA) neurons are active at random times, uniformly and independently distributed across the motif, then on average 1% of song-related HVC (RA) neurons should be co-active at any given time. Thus, of the total ~40,000 HVC (RA) neurons in each hemisphere 26 , of which ~20,000 may be song-related, we estimate that ~200 HVC (RA) neurons are co-active at each moment in the song motif.
The hypothesis that a subpopulation of HVC (RA) neurons is active at each time in the song motif is based on our previous finding that, at any time in the song, roughly 10% of RA neurons are active (Leonardo and Fee, submitted). However, based solely on our recordings of HVC (RA) neurons in the singing bird, we cannot exclude the possibility that the population of HVC (RA) neurons is active at only a few discrete times in the motif, each time triggering some sequence-generating circuitry intrinsic to RA (Fig. 3B) . We were not able to record from enough HVC (RA) neurons in a single bird to demonstrate that there is at least one of these neurons active at each moment in the song. (Given the 6ms burst width of HVC (RA) neurons, this would likely require many HVC (RA) neurons to be recorded in the same animal.) How then is it possible to discriminate between the two different models shown in Figure 3 ?
The question is essentially one of causality: Is every burst (in a co-active ensemble of neurons) in RA driven by an immediately preceding burst in a population of HVC (RA) neurons? To address the issue of causality between HVC and RA requires recording simultaneously in these brain areas, and manipulating these circuits to tease apart the role of both the intrinsic circuitry in RA and the input to RA. Unfortunately these are very difficult experiments, particularly in an unrestrained singing bird. Fortunately, there is an alternative approach -the sleeping bird.
It has recently been shown that when a zebra finch sleeps, neurons in nucleus RA generate patterns of bursts 28 . The sleep-related patterns of an individual RA neuron can be compared to the burst patterns generated by the same neuron during singing. Remarkably, the burst patterns observed during sleep can be nearly identical to those observed during singing, suggesting that during sleep the motor pathway can 'replay' the patterns it generates for singing (Fig. 4A) . Such 'replay' of neural activity patterns is reminiscent of that seen in rat hippocampus during sleep after the animal explores a novel environment, and may be involved in learning -specifically in the transfer of short term memories into long-term memories 29 . The significance of sleep replay in song learning is still unresolved, but we have used the phenomenon of sleep replay as a sort of 'fictive singing'(i.e. motor output without movement, 30 ) to study the circuitry that underlies the generation of burst sequences.
To address the generative mechanism of RA burst sequences we have performed Let us now return to the question of whether each step of the RA burst sequence is driven directly from HVC. There is one feature that clearly differentiates the two models in Figure 3 . If activity in HVC drives every burst in RA (Fig. 3A) , then every burst in RA should be immediately preceded by a burst of activity in HVC. If, on the other hand, HVC triggers an autonomous sequence in RA, then a large proportion of RA bursts will not be immediately preceded by a burst in HVC (Fig. 3B) . Is there a way to estimate the fraction of RA sleep bursts that are preceded (by a small latency) by a burst in the population of HVC (RA) neurons?
Given the sparseness of HVC (RA) bursts, it would seem that one would have to record from many HVC (RA) neurons to estimate this fraction. However, because a single HVC (I) neuron can serve as a 'read-out' of activity in the population of HVC (RA) neurons, we can answer this question by examining the relation between RA bursts and HVC (I) bursts.
Simultaneous recordings of RA neurons and HVC (I) neurons showed that bursts in the RA neuron were preceded with high probability by a burst in the HVC (I) neuron (Fig. 5A) . The probability that an HVC (I) burst falls within a window 0ms to 10ms preceding an RA neuron burst is on average 0.58 for all RA-HVC (I) pairs recorded (35 pairs). This number is highly significant because the probability that an HVC (I) burst fell in any random 10ms window was only 0.05 ( Fig 5C) . Because on average 58% of RA bursts were preceded by an HVC interneuron burst, and 61% of HVC (RA) bursts were synchronized with an HVC interneuron burst, our results are consistent with the possibility that every RA burst is driven by HVC (RA) neurons. In other words, if every RA burst is driven from HVC, it is expected that an HVC (I) neuron will not be active before roughly 40% of bursts in an RA neuron, because this HVC (I) neuron fails to 'read-out' ~40% of the HVC (RA) bursts.
Of course, the analysis given here is correlative and cannot completely exclude the unlikely possibility that burst sequences in HVC (I) neurons and burst sequences in RA neurons are each generated by independent, but precisely timed circuitry within HVC and RA. In this way, the strong correlation between HVC (I) bursts and RA bursts would not result from a causal link between HVC (RA) and RA neurons.. Strong synchrony between HVC and RA could in principle also be produced by common drive from another brain area. However, there are no known inputs common to HVC and RA likely to produce such correlations.
Our observations suggest that, during sleep, the large majority of sleep-replay bursts in RA are directly driven by immediately preceding bursts in a sub-population of HVC (RA) neurons, as depicted in Figure 3A . Of course, we cannot naively assume that the same mechanisms are operating in the singing bird. In particular, we cannot yet rule out the possibility that RA burst sequences in the singing bird may be generated largely by circuitry intrinsic to RA, and that this circuitry is simply being 'tickled' into action (i.e.
raised above some threshold level) by inputs from HVC. However, given the similarity of sleep-related and singing-related burst sequences in both HVC and RA, and the strongly bursting nature of HVC inputs to RA, the simplest explanation is that burst sequences in RA, during sleep and singing, are driven by direct feed-forward input from HVC.
What is the role of the recurrent excitatory and inhibitory connections observed 
RA efference and the generation of motor sequences during singing
Let us turn now from the origin of burst patterns in RA, to the effect of RA bursts in the downstream motor pathway. What is the basic unit of signaling from RA neurons to brainstem vocal nuclei? During singing, RA neurons generate exquisitely stereotyped bursts. That is, the intervals between spikes within a given burst can be reproduced with less than 50us jitter each time the bird sings the song motif 14 . The spike timing precision in RA has led to the suggestion that RA forms a temporal code for song; that is, the vocal output is specified by the precise timing of individual spikes within the bursts of one or more RA neurons 32 . We consider the simpler hypothesis that RA neurons converge onto downstream targets, such as brainstem motor neurons, in which motor control signals are derived from a weighted sum of synaptic currents from RA neurons. In this view, the precise timing of RA spikes could play a role in reducing motif-to-motif variability in motor output, but would not constitute a temporal code for motor output, in the usual sense of the term. The precise spike timing in RA may be simply a consequence of the mechanism by which RA bursts are generated, i.e., that they are directly driven by highly stereotyped bursts in HVC (RA) neurons. We may speculate as to why HVC (RA) neurons generate highly stereotyped bursts in the first place. One possibility is that precisely timed spikes within HVC (RA) bursts reflect the biophysical mechanisms involved in the generation of the precisely timed temporal sequences observed in HVC. In other words, the stereotypy of bursts of RA and HVC (RA) neurons is related, not to a specialized neural code, but to the demands of producing a stereotyped and precisely timed motor behavior.
Another question that naturally arises is that of the timescale on which RA bursts affect vocal output. Evidence that RA activity has a brief transient effect on vocal output is (Fig. 6) . These results suggest that RA activity is integrated on a short timescale by downstream motor circuitry, and has a similarly brief effect on vocal output.
At present, little is known about the role of brainstem motor and respiratory circuits downstream from RA. However, a reasonable starting point for thinking about motor control in the songbird is that each RA neuron contributes transiently with some effective weight to the activity of the syringeal muscles 17 , as has also been proposed for cortical control of arm movement in primates 34 . The total force produced by a muscle, including that required to overcome inertia, damping, and spring forces, can be expressed as a linear weighted sum of instantaneous activities of higher premotor neurons 35 . (Consistent with this approach, recent recordings from syringeal motor neurons reveal a linear firing rate change in response to somatic current injection 36 .) Of course, syringeal muscle forces are related in a complex manner to vocal output [37] [38] [39] , but in further discussion here we will neglect muscle dynamics (i.e. inertia and damping) and syringeal dynamics, and will adopt the simplified view that vocal acoustic parameters such as pitch are given directly by the summed weighted contributions of RA neuron activity.
Simple hypothesis for song generation and learning
We can now put our picture of sequence generation in RA into a working hypothesis of vocal sequence generation and learning ( How would song learning proceed in the model presented above? The convergence of the anterior forebrain pathway, a circuit necessary for song learning and maintenance [40] [41] [42] , onto RA in the song motor-control pathway, suggests that song learning is mediated by plasticity in RA, either in the recurrent synaptic connections within RA or in the input to RA 43, 44 . In our model, the pattern of activity in RA, and thus the vocal output, is determined by the pattern of HVC (RA) -to-RA synapses; in this view, vocal learning is controlled by synaptic plasticity at these synapses. Song learning is then simply the process of modulating the effective connectivity from sparsely active HVC neurons to downstream motor neurons such that, at each moment, the correct motor output is produced: RA serves as a switchboard on which HVC (RA) neurons are wired up to the correct motor output.
At present, it is unclear when in the ontogeny of the zebra finch sparse HVC (RA) sequences arise. If sensorimotor learning is the process of mapping the sparse sequence in HVC (RA) to motor output, it seems plausible that the sparse HVC (RA) sequence develops before the onset of sensorimotor learning. Learning the mapping from HVC to RA would be most efficiently carried out after the sparse HVC sequence is established. Note that, in principle, HVC (RA) sequences are universal; i.e. for every zebra finch song of a given length, HVC (RA) activity can be plotted as an diagonal band equivalent to that in Figure 7B , Our observations also raise the question of how the sparse HVC (RA) sequences are generated. Using the same logic we applied to the origin of RA burst sequences (Fig. 1B and C), we can ask whether sparse sequences arise from circuitry intrinsic to HVC, or whether they are directly driven from nuclei that project to HVC, such as nucleus Interface (NIf) or nucleus Uvaeformis (Uva). We expect that a combination of the techniques described, in both the singing and sleeping bird, will continue to be useful as we pursue an understanding of the circuits that underlie the generation and learning of temporal sequences in the brain. Probability as a function of time that the HVC interneuron generated a spike relative to the time at which the RA neuron spiked, calculated for the neuron pair in panel A. C)
Probability that the HVC interneuron generated a spike in a window 0ms to 10ms
preceding the RA spike, P(Int|RA) (x-axis) versus the probability that the HVC interneuron generated a spike in any random time window, P(Int), for all HVC (I) -RA pairs recorded.
Each point represents a different pair. C) Distribution of probability ratios P(Int|RA)/P(Int) over all the neuron pairs. The ratio represents how much more likely the HVC interneuron was to spike, given the presence of a following RA spike. The alignment of burst onsets and offsets is only for artistic clarity; at present we have no conclusive evidence for such alignment. 
